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p120 catenin (p120) is the prototypic member of a subfamily of armadillo repeat domain proteins involved in intercellular adhesion. Recent
evidence indicates that p120 associates with classical cadherins and regulates their stability. Ectopic p120 expression results in a variety of
morphological effects, and promotes cell migration. There is now strong evidence that p120 acts, at least in part, through regulation of Rho
GTPases. The data suggest that p120 may act as a signaling nexus, conveying messages from the cellular micro- and macro-environment to the
cell's interior. By regulating Rho GTPases in a context-dependent manner p120 can exert profound effects on cellular responses from synaptic
plasticity to vesicle trafficking, as well as regulate the motile vs. sessile, and possibly the proliferative vs. quiescent phenotype of epithelial cells.
Here, we review the new evidence on the relationship of p120 to Rho GTPases, and discuss potential roles for the p120–Rho connection in normal
and malignant cells.
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Under physiological conditions, cells are in contact with the
surrounding extracellular matrix (ECM) and with neighboring
cells. These interactions provide cells with a context, often
referred to as the microenvironment, in which they grow and
function. Cell adhesion receptors play a key role in the way cells
sense their microenvironment and respond to it. On the one hand
they promote the specific interactions with the ECM or other
cells, while on the other they induce signaling events that
influence cell shape, differentiation, growth and survival.
Especially in the case of epithelial cells, which are bound tightly
together and form a polarized epithelium, contextual signals
promote the polarized cell morphology and control signaling
events that regulate cellular growth and differentiation.
p120 catenin (p120) is the prototypic member of a subfamily
of armadillo repeat domain proteins involved in intercellular
adhesion. It was initially isolated in a screen for Src tyrosine
kinase substrates [1] and subsequently shown to interact with
classical cadherins. Recent evidence indicates that p120⁎ Tel.: +904 953 6005; fax: +904 953 0277.
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cell–cell adhesion, but the underlying mechanisms have not
been resolved (for review, see [6]). Complicating matters,
binding of p120 to cadherins can also negatively regulate cell–
cell adhesion via a mechanism that involves p120's N-terminus
and possibly phosphorylation [7–9].
Cadherins comprise a superfamily of transmembrane cell–
cell adhesion receptors involved in a variety of biological
processes including development, morphogenesis, and tumor
metastasis (for review, see [10–13]). Cadherins on adjacent
cells bind to one another through their extracellular domains.
The intracellular domains mediate a re-organization of the actin
cytoskeleton and promote intracellular signaling through in-
teraction with the catenins. β-catenin binds directly to the
carboxyterminal “catenin binding domain” (CBD), while p120
interacts directly with the so-called juxtamembrane domain
(JMD) [14,15]. β-catenin interacts further with either α-catenin,
which increases cell adhesion, or with IQGAP, which prevents
cytoskeletal association of the complex [16]. In contrast, p120
does not bind α-catenin [17] or IQGAP [16]. Both p120 and β-
catenin also play significant signaling roles in the nucleus,
regulating cell proliferation and invasiveness (for a review see
[18]).
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key mediators of cytoskeletal dynamics [19] and have recently
emerged as crucial regulators of cadherin-mediated adhesion
[20–24]. The ability of cadherin complexes to bind α-catenin
and reorganize the cytoskeleton is promoted by activation of
Cdc42 and Rac, which induce IQGAP dissociation from β-
catenin and actin polymerization [16]. Unlike Rac and Cdc42,
RhoA activity is thought to be required for an earlier step in
junction formation, namely cadherin clustering at sites of cell–
cell contact [20,21].
There is now strong evidence that p120 acts, at least in part,
through regulation of Rho GTPases. Initial reports from three
laboratories demonstrated that p120 can inhibit RhoA [25,26]
and activate Rac and Cdc42 [26,27]. These observations
suggest a number of plausible mechanisms through which
p120 could promote cell–cell adhesion or cell motility, de-
pending on factors that regulate its affinity for the cadherin
complex. In addition, Rho GTPase-mediated signaling cascades
(e.g., MAP kinase pathways, NFκB) could extend the effects of
p120 to additional events, such as cell survival, growth, and
invasiveness. Here, we review the new evidence on the
relationship of p120 to Rho GTPases, and discuss potential
roles for the p120–Rho connection in normal and malignant
cells.
2. Regulation of Rho-GTPases by p120
Ectopic expression of p120 results in a variety of morpho-
logical effects, depending on the cell type and the level of p120
overexpression. In fibroblasts, high-level overexpression causes
a striking “branching” phenotype characterized by extreme
arborization of cellular processes [25,28]. The term “branching”
is used here to describe the cellular morphology and not the
process by which arborization occurs. Less pronounced
branching effects, and increased formation of lamellipodia,
are typically observed in most epithelial cell types. The branch-
ing phenotype is also observed when p120 is overexpressed in
cadherin-deficient cells [25].
Initially, we showed that overexpression of a constitutively
active mutant of RhoA blocks the ability of p120 to induce
branching. Using rhotekin pull-down assays, we then showed
that p120 potently inhibits RhoA activity [25]. This conclusion
is consistent with the observation that p120 overexpression
perturbs actin stress fibers, structures which are dependent
on RhoA activity. In addition, other manipulations that inhibit
RhoA, including overexpression of p190 RhoGAP (Rho
GTPase activating protein) or C3 exotransferase, also induce
branching phenotypes [25]. Using a similar approach, Noren and
colleagues showed that in addition to inhibiting RhoA, cyto-
plasmic p120 also activates Rac and Cdc42 [26]. In support,
Grosheva et al. demonstrated that p120 overexpression inhibits
stress fiber-mediated contractility and maturation of focal
contacts, effects that could be reversed by expression of a
dominant active RhoA mutant [27].
When overexpressed in normal cells, p120 rapidly saturates
available cadherin-binding sites, and then accumulates in the
cytoplasm. Interestingly, the effects of ectopically-expressedp120 were blocked by expression of various cadherin constructs
that sequester the excess p120 [25–27]. The data supported a
model where both the branching morphology and p120 effects
on focal adhesions and cell contractility are caused by cadherin-
uncoupled, cytoplasmic p120. The model was further supported
by the low affinity of p120 for cadherin binding (relative to β-
catenin), which suggests that its ability to shuttle between
cadherin-bound and cytoplasmic pools may be a key feature of
its action. According to this model, the ability of p120 to affect
Rho GTPases and cause morphological changes is blocked by
cadherin binding.
Despite these observations, other evidence suggests that
p120 may also affect Rho GTPases at the membrane in a
cadherin-dependent manner. As discussed later, cadherin
engagement has profound effects on Rho GTPase activities.
Therefore, it is likely that under certain conditions p120 re-
gulates Rho GTPase activities via its effect on cadherin stability
and function.
p120 family members associate either with classical
cadherins at adherens junctions, or desmosomal cadherins at
desmosomes (for review see [29]). It is now apparent that the
induction of morphological changes and regulation of Rho
GTPases are shared properties of several p120 family members,
including δ-catenin, p0071, and plakophilin 2 [30] (Green KJ.,
Hatzfeld M., personal communication). N-terminally truncated,
but not wild type, plakophilin 1 also induces branching [31].
Interestingly, Xenopus ARVCF induces branching [32], unlike
human ARVCF which failed to induce morphological changes
[33]. The reason for this discrepancy is not clear. p0071 has now
been shown to regulate cytokinesis and cell division by
regulating Rho activity [34]. P0071 regulates Rho-signaling
via a direct physical and functional interaction with RhoA and
the Rho-GEF Ect2. Therefore, despite some differences, the
above data argue that regulation of Rho GTPase signaling is a
general feature of the p120 family of proteins. By regulating
Rho GTPases and the actin cytoskeleton in a cadherin-
dependent manner, these proteins are excellent candidates for
relaying signals from the microenvironment to regulate
polarized cell morphology and to control signaling events that
regulate cellular growth, motility, and differentiation.
3. Mechanism of action
The mechanism by which p120 affects Rho GTPases is still
unclear. A major issue is whether p120 inhibits RhoA and
activates Rac1 and Cdc42 via the same or separate mechanisms.
A related issue is whether p120 inhibits Rho by interacting
directly with it, or indirectly, via proteins that regulate GTPase
function.
GTP exchange assays in vitro suggested that p120 inhibits
the intrinsic GDP/GTP exchange activity of RhoA in a manner
comparable to that of the well-characterized Rho inhibitor,
Guanine Nucleotide Dissociation Inhibitor (GDI) [25]. p120-
mediated inhibition of nucleotide exchange by RhoA was
demonstrated using highly purified proteins, implying a direct
interaction between p120 andRhoA. This observation suggests a
relatively simple mechanism of action whereby p120 sequesters
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by recent evidence that p120 interacts directly with Rho1 (the
RhoA homolog) in Drosophila [35]. In this study, p120 was
shown to interact preferentially with the GDP-bound pool of
Rho1, as would be predicted for a protein acting as a GDI. In
strong support, induction of epithelial-mesenchymal transition
(EMT) in colon carcinoma cells treated with TGF-β and TNF-α
was characterized by increased cytoplasmic p120 localization,
formation of a p120/RhoA complex and reduction of RhoA
activity [36]. Conversely, p120 depletion resulted in the
upregulation of endogenous RhoA activity, both in cadherin
positive [36] and in cadherin-deficient cells [37,38]. The data
argue that E-cadherin-uncoupled p120 directly associates with
and inhibits endogenous RhoA.
A different mechanism was suggested by Noren et al., who
showed that p120 interacts directly with Vav2, a RhoGEF (Rho
GTPase exchange factor), which could account for the ability of
p120 to activate Rac1 and Cdc42 [26]. Because Rac1 can inhibit
RhoA in some cells [39], via a mechanism that involves reactive
oxygen species, low molecular weight (LMW) phosphatase and
p190 RhoGAP [40], it is possible that inhibition of RhoA by
p120 occurs indirectly via activation of Rac1. In support of this
hypothesis, a Vav2 deletion mutant can repress p120-induced
branching [26]. However, overexpression of wild type Vav2
[41], or dominant active forms of Rac or Cdc42, do not mimic
the effects of p120 overexpression, making it less likely that this
mechanism accounts for p120-induced branching. Despite this,
it is quite possible that under certain conditions the p120-
mediated activation of Rac and Cdc42 contribute to the ability
of p120 to inhibit RhoA.
p120-induced “branching” is characterized by multiple
arborized and elongated cellular processes. Studies in PC12
cells overexpressing δ-catenin suggest that process elaboration
and process elongation during “branching” are mediated by
distinct mechanisms [30]. δ-catenin-mediated inhibition of Rho
is responsible for elaboration of primary and secondary
processes, while interaction of δ-catenin with cortactin
promotes process elongation. Activation of Rac1 promotes the
membrane translocation of cortactin where, through its binding
to the Arp2/3 complex, cortactin induces actin filament
nucleation [42]. The data suggest that p120 family members
may promote neuronal morphogenesis by inducing process
elaboration through the inhibition of RhoA and by inducing
process elongation via Rac1/cortactin-mediated actin polymer-
ization. Clearly, the potential physical and functional interaction
of p120 family members with cortactin is very interesting and
requires further investigation.
As reported earlier, the mesenchymal cell response to p120
overexpression involves RhoA inhibition. In contrast, recent
data argue that overexpression of full-length p120 in primary
mouse keratinocytes results in a PI-3-Kinase-dependent (PI3K)
induction of RhoA activity [43]. The reason for this discrepancy
is unclear, especially given data indicating that p120 knock-
down increases the activity of RhoA in primary mouse
keratinocytes [44]. It is important to note that Vav2 can activate
RhoA in addition to Rac1 and Cdc42 [41]. Therefore, one
possibility is that the observed RhoA activation is a result ofincreased Vav2 activity. This is consistent with the EGF-
mediated activation of c-Src and PI3K in these cells, which
promote activation of Vav2 and localization to the plasma
membrane [45,46]. As Vav2 and other Rho/Rac GEFs are
activated at the plasma membrane, it is reasonable to expect that
p120-mediated activation of Rac and potentially Rho happen at
the plasma membrane, and specifically at the cadherin complex.
This hypothesis is consistent with the observation that
cadherin homophilic ligation (trans-interaction) activates Rac1
in a manner that depends on the cadherin p120-binding domain
(JMD) [47]. Finally, our recent studies in E-cadherin-deficient
tumor cells indicate that p120 activates Rac1 not in the
cytoplasm, as previously thought, but when associated with
mesenchymal cadherins [38]. In contrast, the ability of p120 to
inhibit RhoA activity in these cells appears to be cadherin-
independent. Under these conditions, the data argue that the
level of p120 membrane association may determine the relative
effects of p120 towards Rac and Rho activities.
Unlike cells expressing mesenchymal cadherins, in epithelial
cells p120 is highly enriched in the membrane fraction due to its
tight association with E-cadherin. One possibility is that in
epithelial cells p120 affects Rho signaling primarily on the
membrane at the E-cadherin complex, while in mesenchymal
cells, p120 affects RhoA primarily in the cytoplasm. Such a
differential regulation of Rho activity could explain why p120
overexpression induces “branching” in mesenchymal cells,
while it increases lamellipodia formation in epithelial cells.
4. The vertebrate–invertebrate divide
Several animal studies have now confirmed the ability of
p120 to regulate Rho GTPases, however, they also highlight a
difference in the relative significance of this pathway between
vertebrates and invertebrates. Initial studies in Drosophila
suggested that p120 directly binds Rho1 (the Drosophila RhoA
orthologue) and suppresses its activity [35]. In addition, p120
overexpression enhanced the mutant Rho1 segmentation defect
phenotype, as would be expected for a negative regulator of
Rho1 function, whereas decreased p120 expression resulted in
defective head involution and dorsal closure, accompanied by
mislocalization of Rho1 protein. However, these data remain
controversial [24,48]. Indeed, only relatively weak phenotypes
were observed in p120 Rho1 double mutants indicating that in
Drosophila, p120 is not a major regulator of Rho activity [24].
Another recent Drosophila study shows that loss of dCsk in
discrete epithelial cell patches leads to epithelial exclusion,
invasive migration and subsequent apoptotic death via a
pathway that involves the Drosophila orthologs of Src, E-
cadherin, p120 catenin, RhoA, JNK and MMP2 [49]. Csk is a
kinase that normally phosphorylates c-Src, blocking its
activation. The data suggest that constitutive Src activation
may regulate Rho GTPase signaling and cell invasiveness
through p120. Whether E-cadherin and p120 act upstream or
downstream of RhoA in this pathway is currently unclear.
Interestingly, the dCsk mutant phenotype is shared with that of
Scrib (ortholog of Sribble) mutants [50–52]. The polarity
protein Scribble was recently shown to affect E-cadherin-
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belongs to a family of proteins, including erbin and densin 180,
that associate with p120 family members via their PDZ
domains. Whether dp120 recruits Scrib to the cadherin complex
to regulate cell adhesion, migration and Rho GTPase activities
is currently unknown.
The relatively minor role of Drosophila p120 in the
regulation of Rho GTPase activities correlates well with the
observation that knocking out the lone p120 homologue in
Drosophila or in C. elegans has no effect on the viability and
fertility of these invertebrate organisms, and only minor effects
on intercellular junctional organization and function [48,54].
The conventional gene knockout of p120 family member δ-
catenin in mice also results in viable animals [55]. In contrast,
Xenopus p120 (xp120) and xARVCF are essential genes
whose depletion in vivo causes gastrulation defects and death
[32], whereas conventional p120 knockout in mice is early
embryonic lethal (Birchmeier W., Reynolds AB., personal
communication). It seems that there is a discrepancy in the
overall significance of p120-related genes in vertebrates and
invertebrates. The reason is unclear, however, sequence analysis
indicates that δ-catenin is more closely related to the single
Drosophila family member and that p120 developed later.
The depletion of either xp120 or xARVCF results in
gastrulation and axial elongation defects that can be rescued
by co-expression of either dominant negative (DN) RhoA, or
constitutively active (CA) Rac1 [32]. Therefore, both family
members are linked with Rho signaling in vertebrate develop-
ment. Both xp120 and xARVCF were shown to bind Vav2 and
dominant negative RhoA, suggesting that they act via Vav2 to
activate Rac1 and via a direct inhibition of RhoA-GDP
dissociation to inhibit Rho activity. However, the ability of
CA-Rac1 or DN-RhoA, alone, to rescue the xp120 depletion
phenotypes suggests again that there is significant functional
redundancy in these p120 responses. One possibility is that CA-
Rac1 rescues the effects of p120 depletion through the
inhibition of cellular RhoA activity via the LMW-phospha-
tase/p190-RhoGAP pathway. In addition, ectopic expression of
C-cadherin, the major cadherin expressed in early Xenopus
development, partially rescued the p120 depletion phenotype.
An interesting question is whether C-cadherin expression
increases Rac1 activation under conditions of p120 depletion
in Xenopus embryos, despite in vitro data indicating that p120
is required for C-cadherin-mediated Rac1 activation [47].
Another possibility is that C-cadherin expression in p120-
depleted embryos reduces RhoA activity. This possibility is
supported by the observation that E-cadherin engagement can
suppress Rho activity in cultured epithelial cells via p190-
RhoGAP [56].
Targeting p120 depletion to mouse epidermis using a
conditional knockout approach results in epidermal hyperpla-
sia and chronic inflammation [44] attributable to increased
NFκB activity. Interestingly, p120-null cells exhibit reduced
actin dynamics (lamellipodia–filopodia formation) and in-
creased stress fibers, which correlate with increased levels of
RhoA activity. Re-expression of wild-type p120 reduced
NFκB nuclear translocation and activity, as did overexpressionof DN-RhoA or inhibition of Rho kinase (ROCK). In contrast,
expression of a p120 mutant unable to suppress RhoA activity
(Δ622–628) failed to affect NFκB activity. The data argue
that p120-mediated inhibition of RhoA regulates NFκB
signaling via a pathway involving Rho kinase. Possibly ac-
counting for these effects, recent studies have shown that Rho
kinase associates with and activates IκB kinase α, while
inhibition of the Rho–Rho kinase pathway results in loss of
IκB kinase α activation, subsequent IκBα degradation, and
nuclear uptake/ increased DNA binding of NFκB [57,58].
Importantly, p120 depleted cells exhibited increased RhoA
and NFκB activities in low calcium conditions, diminishing
the possibility that cadherin function is required for these
responses [44]. Furthermore, expression of a cadherin-
uncoupled p120 mutant in p120-null keratinocytes reduced
NFκB activity, suggesting that cadherin binding is not re-
quired in human epidermis for the ability of p120 to inhibit
RhoA.
5. p120, Rho GTPases and cell–cell adhesion
Both p120 and Rho GTPases play essential roles in the
regulation of intercellular adhesion. Their function regulates
cadherin clustering and stabilization, reorganization of the actin
and microtubule cytoskeleton, and cadherin-mediated signal-
ing. How all these seemingly different effects relate to each
other and how they relate to p120-mediated effects on Rho
GTPases is largely unknown.
5.1. Cadherin clustering
In order to elucidate the role of p120 in regulating
cadherin function, initial experiments utilized E-cadherin
JMD mutants, which uncouple p120 from the cadherin
complex. Expression of such mutants in cadherin-deficient
cells resulted in two diametrically-opposed phenotypes. In
some cases, cells expressing such mutants were minimally
adherent, apparently due to defective cadherin clustering
[14,15], while in others mutation of the JMD promoted cell
aggregation and increased adhesiveness [7,9]. The data
suggest that the role of p120 in cadherin function is
context-dependent and can be controlled by signaling events
that are often deregulated in tumor cells. These observations
led to the hypothesis that p120 may act as a switch that
induces cadherin clustering and strong adhesion when it is
activated, and junction disassembly following signaling
events leading to its inactivation [29]. The ability of p120
to regulate Rho GTPases suggests several possible mechan-
isms through which these effects might be achieved.
Several studies indicate that Rac1 and Cdc42 activities
promote cell adhesion, at least in part by reorganizing the actin
cytoskeleton at cell–cell junctions [20,21,23,59]. Inhibition of
RhoA by C3 exotransferase expression blocks both cadherin
localization at areas of cell–cell contact [20,21,60] and Rac1-
mediated actin reorganization [20], indicating that RhoA acts
upstream of Rac1. Furthermore, forced clustering of cadherins
on antibody-coated beads abolishes the ability of C3 to inhibit
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required for cadherin clustering.
Recent studies indicate that Myosin 2 is a key Rho kinase
target necessary for the local concentration of E-cadherin at
cell–cell contacts [61]. Myosin 2 is recruited and activated at
nascent E-cadherin-mediated cell–cell junctions, and its loss
of function decreases the ability of cells to concentrate
cadherin at cell–cell contacts. Both the recruitment and the
activation of Myosin 2 at cell–cell junctions is mediated by
the Rho effector, Rho kinase, providing a direct link between
regulation of Rho activity and cadherin clustering. Activation
of RhoA as a result of cell–cell adhesion has been reported in
keratinocyte primary cultures [62] and in C2C12 myoblasts
[63]. The data are consistent with the transient localization of
RhoA to newly-formed cell–cell junctions upon calcium-
dependent adhesion [64,65]. It should be noted however, that
other studies have reported no effect, or even decreased RhoA
activity as a result of E-cadherin ligation [56,66], especially at
later time points. As the methods used to measure RhoA
activity in these studies do not account for activity changes in
particular subcellular sites, it is still possible that there is a
transient activation of RhoA at nascent cell–cell junctions.
Alternatively, activation of RhoA in response to cadherin
ligation may also be context-dependent.
Despite the need for further mechanistic studies, the data
clearly suggest potential links between RhoA, p120 and the
JMD in cadherin clustering. Fig. 1 provides a hypothetical
model for the function of p120 at intercellular junctions and
depicts potential mechanisms that could promote cadherin
clustering and cell adhesion.Fig. 1. Model of p120 and Rho GTPase functions at cell–cell junctions. p120 associati
ligation, p120 mediates the activation of Rho family GTPases, via its interaction with
clustering of cadherin complexes. The activation of Rac1 and Cdc42 promote the re-o
intercellular junctions, and increased cell–cell adhesion. RhoA maybe detrimental
oppose the actin re-organization induced by Rac1 and Cdc42. Therefore, its activity is5.2. Cadherin stabilization
Recent evidence indicates that p120 binding promotes
cadherin stability (for a review see [6]). However the
mechanism by which p120 affects cadherin stabilization is
largely unknown. Furthermore, the potential relationship of this
p120 function to p120's ability to regulate Rho GTPases has not
been examined. It is thought that association of p120 with the
cadherin JMD prevents cadherin endocytosis [3,4]. Endocy-
tosed cadherins can be degraded in the lysosomes, or they can
be re-cycled to the plasma membrane via a process that may
involve p120 binding and the Rap1 GTPase [67,68]. Recent
data argue that p120 binding selectively prevents clathrin-
dependent endocytosis of E-cadherin [4,67], following a
temperature shift from 4 °C to 37 °C. It is still unclear whether
p120 also affects cadherin endocytosis in response to other
physiological stimuli (e.g. receptor tyrosine kinase signaling),
or whether that effect is mediated by clathrin-coated pits.
Several studies have indicated that Rho GTPases play
important roles in many stages of vesicular trafficking (for
reviews see [69,70]). Activation of Rac1 inhibits clathrin-
mediated endocytosis both in polarized and non-polarized cells
[71,72]. In particular, activation of Rac1 by cadherin trans-
interaction inhibits E-cadherin endocytosis, via a mechanism
that involves the Rac effector IQGAP and reorganization of the
actin cytoskeleton [73]. However, in human epidermal
keratinocytes Rac1 activation causes the dissolution of cell–
cell junctions via a mechanism that involves increased cadherin
endocytosis [74]. The disparate effects of Rac1 activation on E-
cadherin endocytosis are reminiscent of the opposing effects ofon promotes the membrane stabilization of cadherins. Upon cadherin homophilic
Rho GEFs (e.g. Vav2). The activation of RhoA promotes myosin II-dependent
rganization of the actin cytoskeleton at nascent cell–cell contacts, maturation of
to cell adhesion after its initial role in clustering cadherin complexes, as it can
downregulated at later time points via a Rac1-p190RhoGAP-mediated pathway.
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sition of the extracellular matrix [75] or cell confluence.
Therefore, signals from the cellular microenvironment seem to
regulate Rac1 effects on the cadherin complex. Similarly,
activation of RhoA inhibits clathrin-mediated endocytosis in
non-polarized cells [71], but stimulates endocytosis in polarized
MDCK cells [76]. Given the effects of p120 on both Rac1 and
Rho activities, it is possible that p120-mediated regulation of
Rho GTPase activities at cell–cell junctions affects cadherin
endocytosis.
5.3. Cadherin-mediated effects on Rho GTPases
As mentioned earlier, both Rac1 and Cdc42 activities can be
activated in response to cadherin trans-interaction [66,77],
while the effects of cadherin ligation on Rho activity are more
complex. The molecular mechanisms by which cadherin
ligation affects Rho GTPases are poorly understood, and further
complicated by evidence that the nectin family of adhesion
receptors is involved in the recruitment of cadherins at cell–cell
junctions, and possibly facilitates or mediates the activation of
Rap1, Rac1 and Cdc42 at these sites [78–80]. Experiments to
date suggest an important role for the tyrosine kinase c-Src in
these events. A recent study suggested that cadherin ligation
leads to Rac1 activation via a c-Src-C3G-Rap1-PI3K-Vav2
pathway [81]. It should be noted however, that several GEFs are
activated via c-Src and PI3K-dependent pathways, including the
Rac-GEF TIAM1, which has been implicated previously in
cadherin stabilization [75,82]. The case for functional redun-
dancy with other exchange factors is also supported by the
relatively minor phenotypes of the Vav1/2/3 triple knockout in
mice [83]. Finally, Vav2 may also be involved in cadherin-
mediated activation of Cdc42, which was shown to be
downstream of c-Src and Rap1 activation [84]. In the case of
nectin-induced activation of Cdc42, c-Src and the cdc42-GEF
FRG mediated the activation of Cdc42 at cell–cell contact sites
[79].
Interestingly, uncoupling the interaction of p120 with
cadherins prevents both cadherin clustering and stabilization
of cadherin contacts [2,14,15], as well as the recruitment and
activation of Rac1 at nascent cell–cell junctions [47,85]. As a
result, p120-uncoupled cadherins, even after their artificial
clustering, cannot recruit the Rac-effector PAK to cell–cell
junctions, cannot re-organize the actin cytoskeleton, and cannot
stabilize adhesive contacts. The data suggest that p120 is
essential for the regulation of Rho GTPases downstream of
cadherin trans-interaction (see also Fig. 1).
6. Regulation of cell motility by p120-Rho GTPase
signaling
Rho GTPases have varied effects on cell motility. Despite
being essential for the reorganization of the actin cytoskeleton
during cell movement, Rac1 and Cdc42 activation often
decreases motility in epithelial cells by increasing cell–cell
adhesion. Similarly, RhoA activity is essential for cell
contractility and thus cell movement, however, activation ofRhoA often inhibits motility by promoting the formation of
stress fibers and inhibiting the cofilin-mediated reorganization
of the actin cytoskeleton at the cell's leading edge. From these
observations it is clear that there is an optimum Rho GTPase
activity level for promoting motility and changes to either side
of that decrease cell migration.
Low-level p120 expression via a retroviral delivery system
suggested that cytoplasmic p120 can promote cell motility [27].
This effect is mediated by Rho GTPases, and possibly their
subsequent effects on integrin-mediated signaling after adhe-
sion to the extracellular matrix (ECM) [86–88]. By activating
Rac1 and Cdc42, p120 promotes actin polymerization, resulting
in increased cell–cell adhesion if E-cadherin is present, or
alternatively, cellular protrusion and cell motility, through the
formation of lamellipodia and filopodia. Inhibition of RhoA by
p120 may again have either positive or negative effects on cell
motility, by promoting the reorganization of actin structures in
the leading edge and presumably de-adhesion at the cell's
trailing end [89,90], or by reducing contractility over the cell
body, respectively. Therefore, the effect of p120 on cell motility
depends on the basal activity levels of Rho family GTPases in a
given cell.
7. Microtubule association and effects on Rho-GTPases
Directional movement requires cell polarization, whereby a
cell acquires a leading edge and a trailing end. Rho GTPases are
believed to be important in this process (for review, see [91,92]).
Rac and Cdc42 activities are thought to mediate protrusive
events at the leading edge, while RhoA promotes motility by
increasing contractility over the main cell body [93]. Therefore,
to promote motility, p120 needs to affect Rho GTPase activities
locally and in a coordinated manner. Most migrating cells
require an intact microtubule network to initiate and maintain
directional movement [91,94]. Microtubules are thought to be
important in promoting the polarized phenotype of motile cells
[91,95], and may play a supporting role in promoting Rac
activation and formation of a protruding lamellipodium [96].
Microtubule filaments are polarized themselves, with a minus
end attached to the centrosome and a plus end towards the cell
periphery.
Integrin-mediated formation of focal contacts at the cell's
leading edge, maturation of focal contacts to focal adhesions in
the cell body, and dissolution of mature adhesions at the cell's
rear are important for cell motility [88,93]. At the cell body,
microtubules are thought to promote the establishment of
mature focal adhesions, while at the trailing end, microtubules
affect focal adhesion turnover, through a mechanism that is not
well understood [91,97]. Recent data argue that these effects of
microtubules on the cell's body, as well as on leading and
trailing ends, are mediated by differential regulation of Rho
GTPases and require the function of a conventional kinesin
(reviewed in [91,95,98]). Kinesin is the prototypic member of a
family of motor proteins that function to transport cargo on
microtubule filaments. The mechanism by which microtubules
affect Rho GTPases is not fully understood. However, several
RhoGEFs associate with microtubules, and kinesin may
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[95,98]. Therefore, microtubules and kinesin may be essential
for either the sequestration or the delivery of Rho regulators,
thus modulating Rho GTPase activities and cell motility.
Recent data show that ectopically expressed p120 co-
localizes with the microtubule network [99–101]. Both a direct
and an indirect interaction of p120 with microtubules have been
reported. The direct interaction is mediated by the armadillo
domain and is mutually exclusive with cadherin association
[99], while the indirect interaction is mediated via association
with conventional kinesins [99,101]. The direct association is
promoted by the dephosphorylation of particular serine residues
and results in microtubule reorganization and stabilization
[100]. Furthermore, microtubule-associated p120 mutants seem
inactive towards Rho GTPases [100]. While the data are not yet
conclusive, they are consistent with our observation that cad-
herin association is required for the ability of p120 to induce
Rac1 activity [38]. On the other hand, the kinesin interaction
has important functional implications, as it could allow p120 to
act in a localized and regulated manner towards Rho GTPases,
in order to promote cell adhesion, or cell motility. The potential
functional significance of this interaction is further underscored
by data suggesting that kinesin binding blocks the ability of
p120 to induce a branching morphology and loss of stress fibers
in fibroblasts [99]. The kinesin interaction also regulates the
subcellular localization of p120 [99], and possibly regulates
cadherin trafficking to the plasma membrane [101].
8. p120 and metastasis
p120 is affected in several different ways in human tumors.
Most often the loss of E-cadherin during tumor progression
causes the mislocalization of p120 to the cytoplasm and the
nucleus (for review see [102]). In some tumors the expression of
p120 is lost, which then results in reduced stabilization and
expression of the whole cadherin–catenin complex [102]. In
other cases, p120 is post-translationally modified (most likely
via phosphorylation) regulating its adhesive function [7]. An
extra layer of complexity involves the relative expression of
alternatively spliced variants of p120 (called isoforms). Full-
length p120 is generally expressed in mesenchymal cells and E-
cadherin-deficient tumors, while N-terminally truncated p120
isoforms are expressed primarily in epithelial cells. This
observation has led to the hypothesis that p120 isoforms may
differentially regulate motility and invasiveness, however,
direct evidence to that effect is not currently available.
Epithelial–mesenchymal transition (EMT) is a process
characterized by loss of the epithelial phenotype, disassembly
of cell–cell junctions and enhanced cell motility. EMT is
essential for normal development and wound healing, but its
aberrant regulation contributes to cancer progression and me-
tastasis [103]. External cues, such as growth factors, are thought
to promote EMT via signaling pathways that are not well
characterized. A recent study implicates p120 in growth factor-
mediated cell motility and scattering during EMT [43]. The data
argue that p120 promotes cell motility by affecting the activity
of RhoA GTPase in epithelial cells. Interestingly, a p120deletion mutant lacking the N-terminal 346 amino acids
abrogated both EGF-stimulated cell motility and HGF-induced
cell scattering. Although the mechanism by which p120 affects
these processes is unclear, the data suggest that the N-terminal
domain of p120 may be a necessary target of RTKs in regulating
Rho GTPase activities and promoting cell motility. The data
also suggest the possibility that the local microenvironment (i.e.
growth factors) is perceived differently in cells, depending on
the expression levels of particular p120 isoforms.
EMT is associated with loss of E-cadherin expression and
increased expression of mesenchymal cadherins. Indeed, over-
expression studies have suggested that increased expression of
mesenchymal cadherins (N-cadherin, R-cadherin, cadherin-11)
increases the motility and invasiveness of epithelial cells [104–
107]. Our recent data reveal an essential role for endogenous
p120 in both the migration and invasiveness of E-cadherin
deficient cancer cells, as well as an unexpected role for p120 in
mediating the pro-invasive function of mesenchymal cadherins
[38]. The association of endogenous p120 with E-cadherin is
required for E-cadherin-mediated suppression of invasiveness,
and is accompanied by a concomitant reduction in mesenchy-
mal cadherin levels. Mechanistically, p120 seems to regulate
migration and invasiveness in these cells via three seemingly
independent pathways: (a) the p120 association-dependent
regulation of mesenchymal cadherin levels, (b) the induction
of Rac1 activity following mesenchymal cadherin binding, and
(c) the cadherin-independent inhibition of RhoA. It should be
noted that these E-cadherin deficient cancer cells already
exhibited optimal Rho GTPase activities for cell migration, as
manipulations of Rac and Rho activity levels, either directly or
via p120 depletion, resulted in reduced cell migration. The data
argue that mesenchymal cadherin-associated p120 and cyto-
plasmic p120 cooperate to promote cell motility by activating
Rac1 and inhibiting RhoA, respectively (Fig. 2).
Interestingly, while motile, sub-confluent epithelial cells
contain a substantial pool of cytoplasmic p120, in confluent
cells most of the p120 is found at cell–cell junctions, in tight
association with E-cadherin [27]. Similarly, the increased
cytoplasmic localization of p120 in mesenchymal cells, or E-
cadherin deficient cancer cells expressing mesenchymal
cadherins, correlates with increased motility [38]. The data
suggest that p120 plays an essential role in metastatic tumor
progression, at least in epithelial cells undergoing EMT and
exhibiting E-cadherin loss. Thus, endogenous p120 may act as a
rheostat, promoting a sessile cellular phenotype when associ-
ated with E-cadherin at cell–cell junctions, or a motile
phenotype when associated with mesenchymal cadherins and/
or translocated to the cytoplasm.
In addition to p120 mislocalization, several immunohisto-
chemical studies argue that p120 expression may be down-
regulated in certain tumors [108–110]. Downregulation of
p120 would be expected to decrease cadherin-mediated
adhesion by preventing cadherin clustering [14], and by
promoting cadherin recycling and degradation [2–4,111–113].
The full ramifications of this condition are not yet understood,
however, the combined loss of cell adhesiveness and the
increased RhoA/NFκB signaling may have profound effects
Fig. 2. Hypothetical model of p120 and Rho GTPase functions at the cell's leading edge. Unlike adherent epithelial cells, in mesenchymal cells and in sparse, non-
attaching epithelial cells there is a significant pool of cytoplasmic p120. p120 and cadherins are also found diffusely-distributed on the plasma membrane of these cells.
The increased cytoplasmic p120 inhibits RhoA function, causing disruption of stress fibers (reduced contractility) and increased availability of G-actin, possibly via the
actin severing action of cofilin. As cadherins associate with several receptor tyrosine kinases (RTKs), external pro-migratory cues are sensed by cadherin–RTK
complexes, promoting the p120-mediated recruitment and activation of Rho GEFs. The subsequent activation of Rac1 and Cdc42 coupled with reduced contractility,
promotes actin re-organization, formation of lamellipodia and filopodia, and induces directed cell migration in collaboration with integrin signaling.
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ablation of p120 in the mouse salivary gland not only reduced
E-cadherin levels and blocked acinar development, but it also
induced intraepithelial neoplasia [5]. The correlation of p120
loss with increased tumor aggressiveness [110] also suggests
that in a background of other cancer-related mutations, p120
loss may promote metastasis.
Finally, the effects of p120 phosphorylation on its ability to
promote motility and invasiveness are currently untested.
However previous data suggest that p120 serine/threonine
phosphorylation may regulate cadherin function [7]. Likewise,
mutations of particular serines to alanine prevent the ability of
p120 to regulate Rho GTPases [100]. The data raise the
possibility that p120 phosphorylation regulates its ability to
promote motility and invasiveness, and again implicates the
involvement of external cues in p120 function.
9. Inflammation and cell growth
The observation that p120 ablation in the skin increases
inflammation via a RhoA-NFκB pathway [44] has important
implications for human disease. The NFκB pathway is involved
in cell survival, as well as inflammation, and is often
hyperactivated during tumor progression. Furthermore, as
mentioned earlier, p120 regulates receptor tyrosine kinase
signaling [43] via its effects on Rho GTPases. A hyperproli-
ferative phenotype seen in salivary gland epithelial cells and in
keratinocytes lacking p120 suggests that p120 may play an
important role not only in tumor cell dissemination, but also intumor growth. Further experiments are clearly needed to
uncover these potential p120 functions and their role to
human disease.
10. Role of the p120-Rho GTPase axis in vesicle trafficking
The significance of Rho GTPases in vesicular trafficking and
the ability of p120 to regulate Rho GTPase activities also raises
the possibility that p120 affects the endocytic or exocytic
trafficking of other proteins. The first evidence for such a role
comes from a recent study in adipocytes [114]. During
adipogenesis, p120 redistributed from the plasma membrane
to the cytoplasm due to an overall decrease in cadherin
expression. p120 overexpression inhibited both constitutive
(transferrin receptor) and regulated (mannose-6-phosphate
receptor and GLUT4) trafficking to the plasma membrane in a
manner that depended on p120's ability to inhibit Rho and
induce Rac activities. p120 depletion resulted in the increased
(basal state) accumulation of GLUT4 at the plasma membrane.
Overall, the data argue that p120 plays an important role in the
basal rate of protein trafficking in adipocytes through its ability
to regulate Rho GTPases, and suggest that p120 may also play a
role in protein trafficking in other cell types.
11. Neuronal morphogenesis and function
Initial experiments have suggested that unlike p120, the
expression of closely-related p120 family members is primarily
restricted to brain tissues (see [29]). Interestingly, the few
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in the brain have suggested important roles in neuronal
differentiation and migration. In particular, δ-catenin (also
known as NPRAP, neurojungin) expression is dynamically
regulated in differentiating and migrating neuronal cell popula-
tions during development, suggesting that it may play important
roles in the differentiation of precursor cells into neurons/glial
cells [115], or that it is involved in neuronal motility [116,117].
Similarly, another study reported that ARVCF is strongly
expressed in the human ganglionic eminence, a telencephalic
structure of precursor cells that eventually migrate and populate
several brain regions, including the thalamus, striatum,
amygdala, etc. The presence of calretinin co-staining in these
ARVCF-positive neurons suggests that ARVCF is highly
enriched in actively migrating ganglionic eminence neurons
[118]. Finally, immunohistochemical data suggest that p120 is
also expressed in several brain tissues and may have important
roles in oligodendrogenesis and myelination [119], as well as in
neuronal migration and plasticity [120]. The observation that
p120 is highly enriched in neuroblasts migrating out of the
subventricular zone (SVZ) also potentially implicates p120 in
gliomagenesis, as recent studies suggest that stem cells in the
SVZ may promote glioma formation [121].
In addition, p120 is reportedly involved in morphogenetic
movements involved in the formation of the eyes and the
craniofacial skeleton in Xenopus [122]. The effect seems to
involve a migration defect, specifically inhibition of evagina-
tion of the optic vesicles and reduced migration of cranial neural
crest cells from the neural tube to the branchial arches. Upon
closer inspection, cells lacking p120, or expressing p120-
uncoupled cadherins, have been shown to be more adhesive
[122]. Dominant negative Rac1 or constitutively active RhoA
mutants rescue the phenotype, presumably by decreasing
adhesiveness as a result of reduced cadherin stabilization,
clustering, or by affecting the underlying actin cytoskeleton.
Interestingly, genetic studies have argued that deletions of δ-
catenin correlate with the mental retardation in Cri-du-Chat
syndrome [55]. Mental retardation is associated with abnor-
malities in dendrites and dendritic spines, which are the major
sites of post-synaptic excitatory transmission in the brain. A
number of genes have been recently implicated in mental
retardation (for review see [123,124]). Interestingly, several of
these genes encode proteins that interact with and regulate Rho
GTPases (oligophrenin 1, PAK3, alpha-PIX, mental disorder-
associated GAP protein, oculocerebrorenal syndrome of Lowe,
ARHGEF6), while others are downstream effectors of Rho
GTPase signaling (LIMK, FMRP). The formation and mainte-
nance of dendritic spines depend on the underlying cytoskel-
eton, explaining the significance of Rho GTPase signaling for
their function. Behavioral experiments with δ-catenin knockout
mice have uncovered severe impairments in cognitive function
due to specific deficits in hippocampal synaptic plasticity [55].
In isolated hippocampal neurons, δ-catenin promotes neurite
process extension via cortactin association and induces neurite
branching via inhibition of RhoA [30]. Therefore, the ability of
δ-catenin to affect cognitive function may be related to its
ability to regulate the activity of Rho GTPases and subsequent-ly, post-synaptic excitatory transmission. In agreement with
these data, loss of p120 function in Drosophila reduces the
number of spine-like protrusions on the dendrites of dopami-
nergic sensory neurons, while p120 overexpression increases
the formation of dendritic spine-like structures [125]. In
addition, conditional knockout of p120 expression in the
murine dorsal forebrain results in reduced spine and synapse
densities along the dendrites of hippocampal pyramidal
neurons, misregulation of Rho GTPase activities, and reduced
cadherin levels [126]. The data argue that p120 coordinates
signals between cadherins and Rho GTPases and promotes
crucial cytoskeletal changes involved in spine and synapse
formation. Given these data, and evidence that p120 family
members associate with post-synaptic density scaffolding
proteins (Densin 180, PSD-95, Papin, Erbin, etc.) as well as
with cadherins and presenilin-1, it is possible that a major
function of these proteins in the brain is to support synaptic
complexity and higher cognitive functions.
Via its effects on Rho GTPases p120 can also regulate other
neuronal signaling events that are affected by the status of the
cytoskeleton. For example, the N-cadherin JMD regulates the
voltage-gated calcium current by affecting RhoA-Rho kinase
signaling, presumably via p120 [127]. Another p120 function
related to the rapid propagation of action potentials in the brain
is the stabilization and maintenance of Schmidt–Lanterman
incisures, which are adhesive structures in myelinating
Schwann cells essential for the formation and maintenance of
a myelin sheath. Incisure formation requires both the recruit-
ment of p120 to E-cadherin and the Rho GTPase regulatory
region of p120 [128].
12. Summary and significance
Recent studies have uncovered an important physiological
role for p120 in the regulation of Rho GTPases. Through its
ability to affect Rho GTPases, p120 can regulate a wide variety
of cellular activities. The precise manner by which p120 affects
Rho GTPase activities in a given cell, as well as the mechanisms
involved in its effects have been hard to decipher. The evidence
to date suggests that p120 may act differently in epithelial cells
versus mesenchymal cells and E-cadherin-deficient tumors. In
epithelial cells the evidence is mixed. In some cases p120 can
activate RhoA possibly via a PI3K-Vav2 mediated mechanism
[43]. In other cases p120 inhibits RhoA, either by acting directly
as a Rho GDI [25], and/or by promoting E-cadherin
stabilization and subsequent inhibition of RhoA via a
p190RhoGAP-dependent pathway [56]. On the other hand, in
mesenchymal cells or E-cadherin-deficient tumors, p120 seems
to inhibit RhoA in the cytoplasm via a process that involves
p120's ability to bind RhoA and inhibit its function [36,129]. In
both cases, p120 can activate Rac1 by binding endogenous
cadherins and probably promoting the subsequent activation
of Rac exchange factors (e.g. Vav2 etc.). Thus, the relative
effect of p120 on the cellular activity of Rho GTPases may
depend on several variables, including E-cadherin function,
the expression and function of integrin receptors (which also
regulate Rho GTPase function), microtubule association,
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is perhaps important that these functions of p120 are
modulated at various levels, as Rho GTPases act as molecular
switches that exert sweeping changes on cellular morphology
and function.
The function of p120 towards Rho GTPases is also regulated
by phosphorylation events that remain largely unclear, but
further suggest that p120 is a signaling nexus that conveys
messages from the cellular micro- and macro-environment to
the cell's interior. Contextual signals (including growth factors,
interacting cells, extracellular matrix, surface tension, etc.)
converge in the cell to regulate cell–cell and cell-ECM in-
teractions and subsequently homeostasis and tissue specificity.
All of these signals affect the function of Rho family GTPases,
which are essential for the regulation of the actin cytoskeleton
and the crosstalk between cell–cell and cell–ECM signaling.
The relative effect of Rho GTPases on cell motility and cell
adhesion may also depend on the cellular context. By regulating
Rho GTPases in a context-dependent manner p120 can exert
profound effects on cellular responses from synaptic plasticity
to vesicle trafficking, as well as regulate the motile vs. sessile,
and possibly the proliferative vs. quiescent phenotype of
epithelial cells.
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